TT virus (TTV) is a newly described DNA virus of humans that exhibits an unusually high degree of genetic heterogeneity. We have performed extensive analysis of the TTV populations present in samples, taken over a period of 2 to 6 years, from three individuals with persistent TTV infection. TTV DNA titres estimated for sequential samples were found to be quite stable over the entire study period in two patients, but fluctuated considerably in the third. DNA sequence analysis revealed different genetic diversity among TTV populations from samples from the three patients. In one case, absolute sequence homogeneity was observed among samples over a 3 year period. In a second, a limited amount of heterogeneity was found, including one sequence exhibiting G A hypermutation. TTV DNA sequences from the third patient exhibited quite remarkable genetic heterogeneity : evidence was found of seven distinct infecting viruses, representing four of the six TTV genotypes that have been described. In addition, minor variants of three of these seven sequences were observed. The heterogeneity of the viral population in this individual declined steadily over a 6 year period. This patient infected with a genetically diverse TTV population had the highest viral DNA titre.
Introduction
TT virus (TTV) is a recently described single-stranded DNA virus which was first identified in the peripheral blood of individuals with post-transfusion hepatitis of unknown aetiology (Nishizawa et al., 1997) . TTV has since been found in 19-47 % of cases of non-A to G post-transfusion hepatitis (Nishizawa et al., 1997 ; Ho$ hne et al., 1998) and has been detected in individuals with a variety of liver diseases of unknown aetiology, including fulminant hepatic failure (Naoumov et al., 1998 ; Simmonds et al., 1998) . However, TTV DNA detection rates of between 10-90 % in individuals with no evidence of hepatitis mean that it is difficult to establish a causative role in disease (Naoumov et al., 1998 ; Simmonds et al., 1998 ; Nishizawa et al., 1997 ; Okomoto et al., 1998 a, b ; Prescott et al., 1998 ; Takahashi et al., 1998 b) . TTV DNA is present at higher titres in liver than in corresponding serum samples indicating a hepatic site for Author for correspondence : Jonathan Ball.
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virus replication . The finding of TTV DNA in the faeces of infected individuals, presumably as a result of virus shedding via the bile duct, supports this (Okamoto et al., 1998 b) . This latter observation, together with high TTV DNA prevalence, indicates that TTV might be primarily transmitted via the faecal-oral route, and not the parenteral route as was first proposed (Nishizawa et al., 1997 ; .
Sequence analysis of TTV has shown that regions of the genome can accommodate a remarkable degree of genetic heterogeneity within the long open reading frame (ORF-L). Analysis of an approximately 200 bp region of this gene has indicated extensive genetic heterogeneity, such that several distinct genotypes of TTV, which differ by approximately 30 %, exist (Nishizawa et al., 1997 ; Ho$ hne et al., 1998 ; Simmonds et al., 1998 ; Takahashi et al., 1998 a, b ; Tanaka et al., 1998 a, b ; Viazov et al., 1998) . These observations suggest that TTV replicates in a manner that generates extensive sequence heterogeneity. One possible factor involved in generating such genetic diversity is virus persistence. TTV DNA has been detected in samples obtained from hepatitis C virus co-infected individuals for periods of up to 6 years (Irving et al., 1999) , and in a cohort of Scottish haemophiliacs many years after the receipt of the likely contaminated batch of clotting factors .
Considering the high level of genetic heterogeneity, reported persistence and high prevalence of TTV it is conceivable that infected individuals might harbour multiple TTV variants. Such co-infections could arise either through multiple exposure or possibly by the acquisition of mutations during persistence. To assess this we carried out detailed DNA sequence and phylogenetic analysis of a region of ORF-L of TTV in sequential serum samples obtained from three individuals who showed evidence of persistent TTV infection. In addition, we determined the viral DNA titres at each timepoint to assess the stability of the virus replicative rate and population size.
Methods
Patients and serum samples. All three patients reported in this study were known to have chronic hepatitis C virus (HCV) infection, and serial serum samples were available from them as part of a long-term study of the natural history of HCV infection. The HCV infection in p30 was discovered through routine screening of blood donors. She has no known risk factors for acquisition of a blood-borne virus infection (no history of receiving blood or blood products ; no history of intravenous drug abuse ; no tattoos ; not a health-care worker, never had acupuncture, and has had a single lifetime sexual partner). The HCV infection in p129 and p5 was discovered through the national look-back survey conducted by the Blood Transfusion Service in 1996. Both patients had received red cell transfusions from donors subsequently shown to be chronically infected with HCV, but neither of those donors was positive for TTV DNA when tested in 1998. There were no other risk factors for acquisition of blood-borne viruses in p5 and p129. The ages of p5, p30 and p129 at the date of the first sample were 29, 35 and 37 years, respectively.
TTV DNA extraction and PCR amplification. DNA was extracted from 150 µl of sequential serum samples obtained from three non-haemophiliac HCV co-infected patients using the Nucleospin Virus kit (Biogene), according to the manufacturer's instructions. The PCR assay used was based on the method described by Simmonds et al. (1998) , with primers derived from conserved regions of published TTV sequences . The primers used were NV30 (outer sense ; CAG ACA GAG GAG AAG GCA ACA TG), NV27 (outer antisense ; TAC CAY TTA GCT CTC ATT CTW A), NV61 (inner sense ; GGM AAY ATG YTR TGG ATA GAC TGG), NV32 (inner anti-sense ; CTA CCT CCT GGC ATT TTA CCA) ; and NV32b (modified inner anti-sense ; CTA CCT CCT GGC ATT TTA CC).
Extracted DNA was used as template in 25 µl volume first round PCRs using primer NV27 with NV30 ; 2 µl aliquots of the first round PCR products were then used as templates in a 25 µl volume second round PCR using primers NV61 with either NV32 or NV32b. Primer NV32b is a modified primer which compensates for sequence variability observed at the 3h end of the NV32 primer . Amplification conditions for each round of PCR were essentially the same as those described by Simmonds et al. (1998) . PCR products were resolved on agarose gels and detected by exposure to UV light after ethidium bromide staining. A comparison of estimated TTV DNA titres using either of the primer pairs revealed no difference in absolute sensitivity of each primer pair in detecting TTV DNA. However, the actual yield of PCR product as determined by ethidium bromide staining intensity was greater using the modified primer (results not shown).
Determination of viral DNA titres. Viral DNA titres were determined using a limiting dilution nested PCR, essentially as described previously (Simmonds et al., 1990) . Briefly, an end-point dilution was determined by twofold dilution, followed by PCR amplification, of the extracted DNA. Between 5 and 40 replicate tubes were then amplified at the end-point dilution and the viral titre was calculated using the Poisson formula N l (kln f)(1\d), where N is the viral titre per input volume, f is the frequency of negative tubes at the end-point dilution and d is the dilution. To improve accuracy, the viral titre in each sequential sample was estimated from the arithmetic mean of two to five replicate end-point dilution PCR experiments. Viral titres were expressed as log "! copies\ml serum.
TTV sequence analysis. Analysis of the population diversity within individual patients was carried out by directly sequencing the PCR products derived from amplification of multiple aliquots of DNA at the end-point dilution. Unincorporated nucleotides were removed by treatment with 1 unit of shrimp alkaline phosphatase (SAP ; Amersham). Aliquots (2-5 µl) of SAP-treated PCR products were then used as templates in automated sequencing reactions using Prism Big Dye terminator chemistry. Sequencing products were resolved using an Applied Biosystems Gene Scanner. To verify the accuracy of this sequencing approach, some PCR products were also used as templates in manual sequencing reactions using components from the Sequenase version 2.0 kit, as described previously (Ball & Curran, 1997) . No differences in the sequence data obtained using each method were observed (not shown).
Phylogenetic analysis. Sequences were compared to 162 published TTV sequences available from the GenBank database (release 110), accessed using the ACNUC retrieval system (Gouy et al., 1985) . These include the original sequence from Nishizawa et al. (1997) , five sequences from Okamoto et al. (1998 a, b) , 19 from Simmonds et al. (1998) , six from Ho$ hne et al. (1998) , seven from , 69 from Tanaka et al. (1998 a) and 55 from Viazov et al. (1998) . In addition, nine sequences from Naoumov et al. (1998) were obtained directly from the authors.
DNA sequences were aligned using Clustal W (Thompson et al., 1994) . Phylogenetic relationships among sequences were estimated by the neighbour-joining method (Saitou & Nei, 1987) applied to pairwise distances estimated by the two-parameter method (Kimura, 1980) . Sites at which there was a gap in any sequence in the alignment were excluded from all comparisons. The reliability of the phylogenetic results was assessed using 1000 bootstrap replicates (Felsenstein, 1985) . These analyses were performed using Clustal W.
Results

Determination of TTV DNA titres
Estimates of the TTV DNA titre were obtained using a limiting dilution PCR method and the results obtained are presented in Table 1 . The viral DNA titres varied from 1n60 to 4n04 log "! copies\ml. In two of the three patients the estimated DNA load was very stable ; the DNA load differed from the overall mean by less than 0n5 log "! values for all the samples obtained from p129 and p30 over periods of 33 and 62 months, respectively. By contrast, the viral DNA titre in p5 fluctuated widely during the 29 month study period such that two samples (p5c and p5e) varied by more than one log "! from the overall mean titre. Statistical analyses comparing viral titres among patients yielded non-significant results when p5 was included, presumably because of the very high variation among time-points in that patient. For the two patients with relatively stable titres, p30 was found to have a significantly higher mean titre than p129 (t-test, P 0n05).
TTV DNA sequence analysis
To characterize the viral populations present at different time-points, sequencing templates were generated from multiple single TTV DNA molecules by PCR amplification. Between 6 and 31 single molecule sequence determinations per time-point were carried out ( Table 1) .
The 202 sequences obtained were 199 bp in length, corresponding to sites 1970-2168 in the sequence of the TA278 isolate . The phylogenetic relatedness of these sequences is presented in Fig. 1 . The 40 sequences derived from p129 at six time-points over nearly 3 years were all identical. Among the 93 sequences from p5, 89 were identical. Three other sequences each differed from this common sequence by a single nucleotide substitution (0n5 %), different in each case. The final sequence differed from the common sequence by seven nucleotide substitutions (3n5 %). Interestingly, six of these seven changes involved G A transitions, and each could have occurred at a GpA dinucleotide.
Among the 68 sequences from p30 there were 22 distinct variants. Phylogenetic analyses indicated that these variants could be grouped into seven distinct clades (Fig. 1) . The maximum pairwise sequence difference observed within any of these clades was less than 4 % (within clade 1), whereas the minimum pairwise sequence difference observed between any pair of clades was greater than 12 % ; some pairs of clades differed by nearly 40 % (Table 2 ). These data suggest that each clade represents a distinct infecting virus, and therefore that p30 was infected by at least seven different viruses. We then examined the relationship of the 28 TTV sequence variants described above with 171 others previously reported (see Methods). Those analyses revealed that all but two of these 199 sequences group within six clear phylogenetic clusters, corresponding to the six genotypes that have been described Simmonds et al., 1998 ; Tanaka et al., 1998 a) ; the exceptions were P\1 and Alb16 (discussed below). While some of the sequences described here were very closely related to previously reported sequences, nevertheless each of the clades of multiple sequences (one from p5, three from p30) remained monophyletic, i.e. no other sequence was found to cluster within one of these clades. This supports the interpretation that each of these clades represents a single infecting virus.
For purposes of illustration, we present a phylogenetic analysis including only one representative, the predominant sequence, from each of the clades found here, together with . Ja and COL refer to sequences from Japan and Columbia (Tanaka et al., 1998 a) ; BT/3 and P/1 are from Germany (Ho$ hne et al., 1998) ; Edin, Lond and Nott refer to sequences from Edinburgh , London (Naoumov et al., 1998) and Nottingham (present study), respectively ; Alb, Bhu, Bra, Gab, Ger, Ind, Ita, Rus and SL refer to sequences from Albania, Bhutan, Brazil, Gabon, Germany, Indonesia, Italy, Russia and Sierra Leone (Viazov et al., 1998) . The phylogeny has been midpoint rooted. Branch lengths are drawn to scale : the bar indicates 0n10 nucleotide substitutions per site. indicates branches (and thus clades to the right) supported by at least 95 % of bootstrap replicates. Brackets at the right indicate the genotype classifications defined previously Simmonds et al., 1998 ; Tanaka et al., 1998 a). representatives of the phylogenetic diversity evident among TTV isolates (Fig. 2) . The six clusters corresponding to distinct genotypes are all supported by high bootstrap values. The sequences from p5 and p129, as well as two of the sequence clades from p30, belong to genotype 2. The p129 sequence is close to NA004, which has been designated as genotype 2b . One of the p30 clades is close to BT\3, representing genotype 2c (Ho$ hne et al., 1998) . The p5 sequences and another p30 clade are closer to BT\3 than to NA004 or TS003 (genotype 2a ; , but not significantly so. The five other clades of sequences from p30 belong to three other genotypes : there are two representatives of each of genotypes 1 and 4, and one clade from genotype 3 ( Fig. 2 ; see also Table 1 ). The two clades of p30 sequences within genotype 1 cluster within the two previously designated subgroups, close to TA278 and TX011, the prototypes of genotypes 1a and 1b, respectively. The two p30 sequences within genotype 4 are not closely related within that cluster, and indeed differ by 18 % (Table 2) ; no subgroups have been designated within genotype 4.
Five of the seven distinct clades from p30 were found at multiple time-points, but only the two most common clades were found at all five time-points (Table 3 ). The variability of the viral population within p30 declined over the period of sampling, in terms of both the number of different clades detected, and the heterogeneity of the population. Six of the clades were detected at the first time-point, but only two at the final time-point. Population heterogeneity was quantified, by analogy with heterozygosity from population genetics, as the probability that two randomly drawn samples were from different clades : these values decreased significantly over the 5 years (Table 3) .
The high degree of nucleotide heterogeneity observed in p30 was also mirrored in the deduced amino acid sequences ( Fig. 3) . Some of the observed mutations were non-conservative in nature, and were often associated with changes in the charge of the amino acid residue. This led to small changes in the overall charge of the ORF-L region under study. Sometimes these changes were apparently compensated for by a mutation of opposite polarity at another site within the region analysed. However, the significance, if any, of amino acid substitutions within this part of ORF-L is as yet unknown.
Discussion
TTV populations within individuals
Several reports have indicated that TTV is associated with a persistent infection (Nishizawa et al., 1997 ; Simmonds et al., 1998 ; Irving et al., 1999) . However, there has been no information regarding the stability of TTV DNA titres during persistent infection. We have shown that in two of the three patients studied TTV DNA titres were remarkably stable, and in one of these patients estimates were obtained from samples taken for approximately 5 years. By contrast, in the other patient fluctuations of greater than one log "! of the mean titre were observed, and the reasons for this difference are uncertain. TTV DNA titres ranged from 1n60 to 4n04 log "! copies\ml serum ; a similar range of values has been seen among single time-point estimates for different individuals (Nishizawa et al., 1997 ; Okamoto et al., 1998 a, b) . Importantly, Takahashi et al. (1998 b) have recently reported that TTV DNA titres determined using primers located on a different region of the TTV genome can be 1-2 log "! higher than those determined using the primers employed in our study. In the absence of sequence data corresponding to the products generated by the Takahashi et al. (1998 b) PCR primers, it is difficult to comment upon the significance of this difference. However, given that the primers we used amplified a wide range of viruses, belonging to four different genotypes, we might expect that few other variants would have gone undetected.
The extent of TTV sequence diversity was found to be quite different in each of the three patients studied. In one (p129), no variation was discovered among 40 sequences from samples taken over a 3 year period. In a second (p5), a limited amount of sequence variation was encountered : four sequences (from a total of 93) differed from the consensus. Three of these variants were found among the second sample, and the fourth at the final (fifth) time-point. One of the variant sequences was particularly interesting because it appeared to have undergone GYA hypermutation. This phenomenon has been found in human immunodeficiency viruses, where it appears to be caused by the reverse transcriptase involved in genome replication (Meyerhans et al., 1989) . We are not aware of any precedent for GYA hypermutation of DNA virus genomes. Such a property could be important in generating variability, though no further examples were found among the three patients.
The viral population within the third patient (p30) was found to exhibit dramatic genetic diversity. This individual was infected with at least seven distinct TT viruses, representing four of the six TTV genotypes so far described (see below). Such levels of multiple infection have not been found before, although this may be largely due to lack of sampling. Tanaka et al. (1998 b) found three of nine individuals from Thailand to each be infected with two distinct variants of TTV ; in each case the variants belonged to different genotypes. In addition, there was some sequence heterogeneity observed within some of the p30 clades. This intra-clade variability had presumably arisen during the period of infection, although the various substitutions might have occurred during infection of individuals one or a few steps earlier in the transmission chain.
Assessment of the reported risk factors for p30 does not indicate how this patient acquired such diverse genotypes. The reported risk for parenteral acquisition of the virus is minimal, albeit this patient is co-infected with HCV, and apart from spending the first year of life in Hungary, the patient has not travelled to diverse geographical locales. The observed decrease in the population heterogeneity observed in the p30 samples suggests that some genotypes might be better adapted for growth within that host. Identification of the host and viral factors that might govern this are important areas for future study.
We note that the heterogeneity observed within p30 is not likely to have been caused by PCR contamination. Firstly, we adopted strict laboratory measures to avoid this. Secondly, the data do not indicate contamination, as there is no obvious mixing of patients' viruses. Finally, all the patients' samples were extracted and analysed concurrently yet only samples from p30 yielded very divergent sequences. Also, we do not consider that the variability observed within p30 clades or between p5 sequences was an experimental artefact associated with misincorporation during the amplification process. Our sequence data were obtained from PCR products derived from single molecules of TTV DNA, and this approach circumvents problems associated with Taq infidelity and in vitro recombination events (Simmonds et al., 1990) .
Although many DNA viruses, such as human herpesviruses (Smith & Inglis, 1987 ; Ablashi et al., 1993 ; Aitken et al., 1994 ; Busson et al., 1995 ; Meyer-Konig et al., 1998 ; Triantos et al., 1998) , JC virus (Agostini et al., 1997) and papillomaviruses (Ong et al., 1993 ; Pushko et al., 1994 ; Chan et al., 1995) exhibit some genetic heterogeneity, by comparison the amount of variability observed in TTV is very high. There are at least two possible explanations for this. Assuming that TTV DNA replication proceeds via a host DNA polymerase complex, as would be suggested by the lack of an identifiable polymerase gene within the TTV genome , such high genetic variability would indicate that TTV has existed for hundreds of thousands, if not millions, of years. Alternatively, the high variability might indicate that mutation rates within TTV are much higher than in other DNA viruses.
Of interest was the possible relationship between the viral population size, as indicated by the viral DNA titre, and its composition. There was some evidence to suggest that the amount of genetic heterogeneity observed at any one timepoint might be related to the viral DNA titre. For example, samples from p129 exhibited no nucleotide variation and consistently low viral titres. By contrast, p30 was infected with multiple TTV variants and had consistently higher viral DNA titres. However, the large-scale fluctuations of viral DNA titre in p5, coupled with only modest sequence heterogeneity, indicate the relationship between high viral titre and the presence of a genetically heterogeneous viral population can only be clarified through studies of a larger number of patients.
Phylogenetic and geographical structure of TTV variation
Since the first description of TTV, from Japan less than 2 years ago (Nishizawa et al., 1997) , there has been a rapid increase in the extent of our appreciation of its genetic diversity and geographical distribution. reported additional sequences from Japan differing by up to 30 % from the original clone, and so designated two genotypes. Simmonds et al. (1998) found evidence of both of these genotypes plus a third discrete phylogenetic cluster (now termed genotype 3) among TTV sequences from Scottish blood donors. In a more extensive survey, of 72 serum samples from Asia, Africa, and South America, Tanaka et al. (1998 a) found TTV sequences representing three more discrete phylogenetic groups, termed genotypes 4, 5 and 6. In stark contrast, however, Viazov et al. (1998) have most recently argued that there are only two major genetic groups of TTV.
Our phylogenetic analyses (epitomized by Fig. 2 ) contradict the conclusions of Viazov et al. (1998) , and are consistent with earlier reports of six clearly defined genotypes of TTV. Since an understanding of the diversity of TTV is still emerging, it is important to ask why the conclusion reached by Viazov et al. was so divergent : this may be due to a number of interrelated factors. First, although they performed another extensive survey including 55 new samples from four continents, they did not have a full representation of all six genotypes. As yet there are only two and three examples, respectively, of genotypes 5 and 6, all from Japan (Tanaka et al., 1998 a) , and presumably not available at the time of the analysis by Viazov et al. (1998) . Nevertheless, their dataset did contain several examples of genotype 3 [Gab441, Bhu96, SL632, and donor 20 from Simmonds et al. (1998) ], and one of genotype 4 (Ind37), all of which they placed in a clade with genotype 2. A second factor is one of interpretation of the phylogenetic results. In the tree produced by Viazov et al. the genotype 3 and 4 sequences appear nearer to genotype 2 than to genotype 1, but are not close to genotype 2. In particular, Ind37 was evidently highly divergent from genotype 2, and if genotype 4 had been represented by more sequences it might have appeared more obviously as a discrete clade. Third, the phylogenetic methodology utilized by Viazov et al. has certain drawbacks. They used the UPGMA method, which assumes that sequences have evolved under a constant molecular clock ; for datasets in which sequences have not all evolved at the same rate the use of UPGMA can distort the phylogenetic tree produced (Swofford et al., 1996) . Furthermore, Viazov et al. did not use any method, such as bootstrapping, to attempt to define clusters within the phylogeny. Our analyses utilized the neighbour-joining method (Saitou & Nei, 1987) , which does not assume a constant molecular clock. All six previously suggested genotypes were apparent as discrete clades supported by high bootstrap values ; in particular, genotypes 3 and 4 emerged as clearly distinct from genotype 2 (Fig. 2) .
Two sequences (Alb16 and P\1) did not cluster within any of the six genotypes. P\1 was found to lie in a position intermediate between genotypes 1 and 2 when first described (Ho$ hne et al., 1998) . Alb16 was found to cluster with P\1 in the analysis of Viazov et al. (1998) , lying between clusters corresponding to genotypes 2 and 3 (and thus perhaps contributing to obscure the distinction between those genotypes). In our analyses these two sequences lie on short branches intermediate between genotype 1 and the other genotypes (Fig. 2) . In our experience with analyses of other sequence datasets, we have found that recombinant sequences, i.e. sequences which are mosaics of regions with different phylogenetic histories, often adopt phylogenetic positions similar to those exhibited by Alb16 and P\1. However, more detailed examination of these sequences did not reveal any obvious sign that they are mosaic, and so the reason for their unusual positions within the phylogeny remains unclear.
Of the six genotypes, two (1 and 2) have been found in most studies, including the samples described above, whereas two others (5 and 6) have been reported only in one survey. Genotype 3 has previously been reported only in three samples from the UK . Above we described a fourth example from the UK, but in addition found that three samples from Viazov et al. (1998) , two from Africa and one from Asia, also belong to this genotype. [Note that the prototypic examples of genotype 3, from Simmonds et al. (1998) , were excluded from the tree in Fig. 2 because they do not completely overlap the genomic fragment analysed there ; our other analyses showed that all of these genotype 3 sequences form a phylogenetic cluster.] Genotype 4 is represented by samples from Asia including Ind57 (Viazov et al., 1998) and numerous others (Tanaka et al., 1998 a) , one from South America (Tanaka et al., 1998 a) , and three from the UK. The latter include two sequences from this study, as well as one (Lond-p4 in Fig. 2 ) which could previously only be identified as not belonging to genotypes 1 or 2 (Naoumov et al., 1998) . In addition, three sequences (TTh2-II, TTh6-II and TTh9) from Tanaka et al. (1998 b) , which were not included in our analyses because the sequences were not available from GenBank, appear to belong to genotype 4. Thus it is now clear that (at least) four TTV genotypes have widespread geographical distributions. It should be remembered, however, that all of these phylogenetic analyses have been based on a very short region of the TTV genome. Future analyses of longer genomic sequences may yield a somewhat different impression of TTV diversity, but the genotype assignments should not change unless these viruses have been involved in recombination. It is also possible that other genotypes exist, but have so far gone undetected because of the particular primers used to amplify the viral DNA.
Consequences of TTV variability
The role of TTV infection in hepatic disease is still unresolved (Nishizawa et al., 1997 ; Naoumov et al., 1998 ; Okamoto et al., 1998 a, b ; Prescott et al., 1998 ; Simmonds et al., 1998 ; Takahashi et al., 1998 a, b) , and therefore, the possible implications of TTV genome diversity for this process are difficult to assess. However, there is some evidence from the study of Aleutian mink disease parvovirus (ADV) that more pathogenic isolates contain multiple genotypes whereas the non-pathogenic strains contain single genotypes (Gottschalck et al., 1991) . In addition, limited sequence variation of the human parvovirus B19 has been reported (Kerr et al., 1995 ; Hemauer et al., 1996) , and there is some evidence that the nature and extent of this variation might influence host immunity and disease outcome (Hemauer et al., 1996) . Finally, the finding that certain human papillomavirus types are implicated in cervical neoplasias whilst others are associated with benign tumours demonstrates the broad spectrum of possible outcomes of persistent infection caused by a DNA virus (Lorincz et al., 1992) . Therefore, the possibility that TTV genome variability might influence persistence and disease pathogenesis of TTV, and host immune responses, warrants further study.
